Introduction
Potato is an important source of carbohydrates, protein, vitamins, and minerals (1) . In addition, colored potato varieties include considerable amounts of phytonutrients such as polyphenols. Recently, the colorants and antioxidants isolated from purple-and red-fleshed potatoes have been applied in food and nutraceutical industries (2) , with the research and commercialization of colored potatoes being very active. Most of the commercial products of colored potatoes require only the fleshy parts of the potato. The potato peels are currently underutilized and wasted.
Anthocyanins, i.e., a group of natural phenolic compounds, are major components for the attractive colors of many flowers, fruits, vegetables, and products (3) . Purple-fleshed potato (PFP) contains petunidin, peonidin, delphinidin, and malvidin (4) . Antioxidant levels in colored potatoes are more twice two times higher than the antioxidant levels in regular white-fleshed potatoes.
Powdering or flouring is an important process in the commercialization of natural resources as food ingredients. In particular, the "powdering after drying" is an inevitable process for the utilization of by-products or wastages because the raw material itself is not suitable to be processed. In addition, the powdered form of ingredients has many benefits in food processing. Recently, the food industry widely uses dehydrated potato powder because of its convenience. Mixing processes in noodles, ready-to-cook mashed potatoes, and bakeries prefer to use powder forms of ingredients because of the convenience and the efficiency of handling and mixing. In addition, powders require less cooking and extraction times than raw materials.
The drying process, including a coupled heat and mass transfer, has to be applied before the grinding process because the grinding characteristics are highly dependent on the moisture content. Food industries commonly use conventional hot air drying for the dehydration of natural ingredients. The drying time and the degree of drying must be estimated quantitatively to control the moisture content of the sample before grinding. Thin layer models are well known to describe the drying kinetics of natural resources.
Grinding is a major unit operation for the size reduction process (5) . The key variables for designing a grinder or a pulverizer are the time and the amount of energy consumed in obtaining suitably sized particles after grinding. Conventionally, empirical methods for measuring energy are used in industries (5-9). Semi-empirical or analytical approaches have recently been introduced in food grinding systems (1) .
The physicochemical properties of powder are highly dependent on the particle size because the surface area per unit volume of particle increases as the particle size reduces. Particle size is an important factor in biochemical reactions. In general, when powder forms of ingredients are used in biochemical reactions, the even particle size distribution (i.e., homogeneity) and smaller size of particles can accelerate the biochemical reactions. However, a critical particle size at which the reaction rate could not increase was recently reported (10) . The extraction rate of anthocyanins from the powder form of purple-fleshed potato peels (PFPPs) might be improved by regulating the size of particles during the grinding process, which is a pretreatment process applied prior to extracting the anthocyanins from PFPPs.
Several studies on utilizing colored potatoes are available (4, 11, 12) ; however, there are no studies on the properties of colored potato peels. In particular, the pretreatment processes such as drying and grinding of the potato peels that are generally conducted before the extraction have never been investigated. The objectives of this study were to evaluate the drying characteristics such as the effective diffusion coefficient of PFPPs at a low drying temperature, estimate the grinding kinetics of PFPPs, and investigate the effect of particle size on the extraction rate of anthocyanin in PFPPs using a stagnant single-stage extraction system.
Materials and Methods
Sample preparation Purple-fleshed potato (PFP) was provided by the Korean Institute of Science and Technology (KIST), Gangneung, Gangwon, Korea. The PFPs were carefully stored in a storage room maintained at 4 o C and 80% relative humidity. Samples were used for one month. The potatoes were washed and peeled. The PFPPs were collected and used for experiments. The thickness of the peels was controlled at approximately 2 mm. Drying curves were fitted to 11 thin-layer drying models given in Table 1 , which are commonly used in most food materials. The criteria to determine the best model expressing the drying curves of the PFPP are the correlation coefficient (R 2 ), root mean square error (RMSE), and sum of squared error (SSE). The initial size, i.e., the size before grinding, of the PFPPs was measured using a vernier caliper (530-101; Mitutoyo America Corporation, Aurora, IL, USA) with a precision of ±0.02 mm. The parameters to characterize the grinding process, such as Rittinger's, Kick's, and Bond's constants and the Bond work index were estimated based on the initial and final particle sizes using the following equations: Rittinger's law (4) Kick's law (5) Bond's law (7) where L , indicate the Rittinger's, Kick's, and Bond's constants, respectively. The energy consumed for grinding (E) is the grinding power per unit weight of the sample during grinding, and can be calculated by (8) where P is the power consumption, t is a given grinding time, and W s is the weight of the sample.
Drying studies

Grinding characteristics
The work index (W i n d
) is defined as the amount of energy consumed for grinding the material with a large initial size of particles to a size that can pass through a 100 μm sieve. These constants and parameters represent the amount of energy consumed in a grinding process.
Grinding kinetic model In general, the grinding yield is proportional to the grinding time. The increase in yield can be expressed by a prototypical sigmoid model. To develop the kinetic model governing the grinding process, the yield was manually measured for each time interval while the grinding operation was performed. Typically, a sigmoid curve fits the time function of the grinding yield well (9) . The kinetic equation describing the amount of ground particles of size i at an arbitrary processing time, S i (t) was estimated according to Lee et al. (9) : (9) where S m a x is the maximum amount of sample passing through a sieve of mesh size i, parameter a indicates the grinding ability constant, and parameter b represents the time required for grinding 50% of the initially loaded sample. To determine the model parameters, the samples at a specific diameter were weighed at a particular grinding time. Eventually, the time function of the weight of PFPPs with a specific size was empirically monitored, and the data could be used to develop the grinding kinetics equation, Eq. 9, for PFPPs.
Anthocyanin extraction A low-temperature stagnant single-stage batch extraction method was applied. To minimize the degradation of anthocyanin in the PFPPs, the extraction temperature was set to 25 o C. A stagnant single-stage batch system was applied because this type of system provides more information on the influence of particle size and more useful data to design either a batch extraction or a multi-stage extraction system. The samples were classified with each standard sieve size (0.15, 0.25, 0.43, 0.60, and 1.00 mm) to control the particle size for extraction. The anthocyanin was extracted using distilled water in a conical tube (50 mL). During the extraction process, the tube was controlled at room temperature (25 o C) and placed in a dark room to avoid light-induced oxidation. The experimental conditions were determined based on the results of the preliminary tests performed in our lab. The solvent/sample ratio was 15/1 (w/w). The extraction time was 5, 10, 15, 20, and 30 min. ; molecular weight (MW) =718.5 g/mol for malvidin-3-glucoside; DF=a dilution factor defined as the ratio of final volume to initial volume; l=a path length of the 96-well plate; ε (molar extinction coefficient)=30,200 L/mol/cm for malvidin-3-glucoside; and 1,000=a unit conversion factor to convert g to mg. Twice-distilled water was used to control absorbance readings.
Statistical analysis Three different samples were used for each experimental treatment. All the measurements were triplicated. The average values were applied to develop kinetic models. Mathematical software, MATLAB (R2011b; Mathworks, Natick, MA, USA), was used to perform regression analysis to estimate the parameters in the kinetic models. Both a linear and a non-linear regression procedure were applied to determine the best fit models. The determination coefficients were used as criteria to evaluate the good fitness of models. Significant difference was evaluated by a one-way analysis of variance with Microsoft Excel (ver. 2014; Microsoft, Redmond, WA, USA) at 95% of significant level.
Results and Discussion
Changes in moisture content and drying rate Changes in the MR of PFPPs during hot air drying at 40 o C were evaluated (Fig. 1) . The moisture level of PFPP was initially 5.02 (g/g d.b.), and hot air drying was continuously conducted until the moisture level reached the target value, 0.02 (g/g d.b.). The drying time was estimated as 240 min to achieve the target moisture content at 40 o C. With increased drying time, the major mechanism for the moisture movement in PFPFs may be a diffusion-controlled mass transfer, and the resistance at the interface between the sample and hot air might be ignored compared to the internal resistance (24) . The drying curve was fitted to experimental data using 11 semi-empirical models, as shown in Table 1 . All the models showed high R 2 values (>0.939), and low RMSE (<0.0906) and SSE (<0.0822). The highest R 2 values were observed for the Page and Midilli-Kucuk models (>0.985), and the corresponding RMSE and SSE were lower than 0.0494 and 0.0202, respectively. The Page and Midilli-Kucuk models are the most suitable models to describe the drying characteristics of PFPP. In Fig.  1 , both the Page and Midilli-Kucuk models described the drying kinetics of PFPPs well. However, the Midilli-Kucuk model seems to be more suitable after 150 min, which might be because of the linear term of the Midilli-Kucuk model. Several researchers reported that the Midilli-Kucuk model was the most appropriate equation to predict the drying kinetics of sea cucumbers (25) , pear peels (26) , and rough rice (27) . The model parameters k and n in the Page model and Midilli-Kucuk model indicate the reduction rate of moisture and the time dependence of the reduction parameter, respectively. In general, the Midilli-Kucuk model showed better fitting than the Page model because the first-order term of time dependence fits well to the deviation of the exponential model, i.e., the Page model. Thus, the k and n of the Page and Midilli-Kucuk models generally showed similar values. The parameter values were k=0.0134 and n=1.1202 for the Page model and k=0.0135, n=1.1008 for the Midilli-Kucuk model. The parameter a in the Midilli-Kucuk model indicates the contribution of initial value and becomes 1 once the experiment data are normalized. Thus, in the Page model, a showed the same value as the coefficient of exponential term, i.e., 1. This study also showed a= 1.012, which is nearly 1. The coefficient b of the first-order time function term in the Midilli-Kukuk model was b=7.18x10 value of PFPP is significantly low (p<0.05), which might be because of the low drying temperature. In general, high drying temperatures induced a higher moisture diffusivity during hot air drying (31) . However, our studies ------------------------------------------Fig. 1 . Changes in the moisture ratio of colored potato peels during hot air drying.
imply that hot air drying processing for PFPPs is practically applicable to dehydrate the PFPPs for producing a powder form of PFPPs and minimizing the degradation of anthocyanin.
Grinding characteristics and kinetics Grinding kinetics (Eq. 9) was fitted based on the average particle sizes measured for each sampling term during the grinding process (Fig. 2) . The weight fraction of each mesh size on the sieve horizontally stacked was measured to determine the grinding yield at a specific particle size (Fig. 2) . The grinding characteristics generally represented the work index and the energy consumed for grinding described in Eq. 4, 5, 6, and 7 ( Table 2) . As the grinding time increased, the particle size decreased from the average initial particle size (3.00±0.20 mm) for all samples. The grinding kinetic model and the work index parameters evaluated in this study successfully estimated the amount of energy consumed to produce a powder form of PFPPs. More energy was required for the smaller particles. The amount of energy consumed to generate each average particle size ranged from 20.37 to 183.33 Wh/kg. As grinding is a highly energy-intensive process, a method to save energy is required but this has not been investigated deeply. The major difficulty in finding a systematic approach to lower the energy consumption in grinding is owing to the paucity of estimating the energy consumed for a specific size-reduction process. The grinding characteristics are semi-empirically determined with the help of Bond's, Kick's, and Rittinger's laws (8) . As shown in Table 2 , three classical laws used for grinding PFPP generated fairly good results for each specific grinding. The energy (E) spent for grinding increases with a decrease in particle size, as is evident from the grinding constants and the work index that increased with a prolonged grinding time. Based on the grinding laws, previous studies suggested that Kick's law, Rittinger's law, and Bond's law are suitable for coarse grinding, fine grinding, and intermediate articles, respectively (8, 32) . In this study, the particle sizes of PFPP after different grinding times were suitable for all the three grinding laws. Compared with the grinding of rice, the grinding law constants and work index were relatively lower at similar particle size (10). These results may depend on the brittle character of the food material (9) .
Our results demonstrated that the amount of energy required to produce particles with a particular size is quantitatively estimated, and the values might be useful for designing the grinding process of PFPP.
The kinetic behavior of the PFPP powder during grinding is represented in Fig. 2 . A prototypical sigmoid shape was observed. The grinding kinetic model (Eq. 9) was developed from the grinding data, and the results of the model evaluation are summarized in Table 3 . All the treatments were suitably fitted with the grinding kinetic model (R , a, and b, indicate the maximum amount of ground PFPP passing through a specific mesh size of a sieve indicating the particle diameter i, the grinding ability, and the grinding time required to grind 50% of the initial amount of PFPP, respectively. The amount of powder for all samples increased as the grinding time increased. Saturation of the grinding yield was observed in most of the samples. In the early stage of grinding, the amount of 1.00 mm particles increased dramatically until 40 s, and after the initial increase, the grinding yield became saturated. The pattern of grinding yield upon the particle size, however, showed a limit criteria. When the particle size is smaller than 0.43 mm, PFPP powders were not properly generated. The maximum grinding yields from the particle size of 0.25 and 0.15 mm PFPP powder were very small: 14.83 and 8.93 g/30 g, respectively.
When grinding a piece of dried mango containing a high amount of sugar, the caking phenomenon due to the high concentration of sugar in the sample was observed as the grinding proceeded (5) . Even a sample with low sugar content, such as soybeans, showed an exceptional kinetic behavior during grinding. Soybean powders with diameters smaller than 0.15 mm at 12% moisture content showed a large deviation from the prototypical kinetic behavior and the kinetic model was not suitable to describe the grinding behavior (R 2 =0.133) (9) . This result might be because of the agglomeration of particles associated with the high moisture content in the particles. The agglomerated particles having a weak bond between particles were not easily separated back to its original particle by applying a vibration from the sieve shaker. This causes an error to generate the raw data to develop a grinding kinetic model. When there is a biochemical reaction, such as caking or agglomeration, during grinding, the grinding kinetic model is not suitable to describe the grinding behavior. In our study, no caking or agglomeration was observed during the 90 s grinding time. This might be due to the low sugar and moisture content in the PFPPs. In addition, a lower energy consumption of dried soybeans and mangoes to produce a particular particle size was found at lower moisture levels (5, 9) . Therefore, the samples having lower moisture content produce more small particles for a given grinding time. This result demonstrated that the suitably designed drying process needs to be applied before grinding PFPPs to minimize the energy consumed while grinding and to maximize the grinding yield of small particles. In addition, the drying process may extend the shelf life of the PFPPs.
The kinetic model based on the sigmoidal pattern was widely applied to the biological systems, such as for predicting microbiological growth and estimating the degree of gelatinization (33, 34) . The degree of gelatinization and deformation of wheat during thermal treatment was suitably estimated using the sigmoid model (34) . In the case of the grinding process, the kinetic characteristics of grinding mango, rice, and soybeans were well described using the sigmoid based kinetics model (5, 9, 10) . The grinding kinetics model is a practical way of predicting the grinding time required to produce a specific size of particles. Anthocyanin content at varied particle sizes The anthocyanin content at different particle sizes during extraction is shown in Fig. 3 . In general, the anthocyanin content in the extract increases as the particle size decreases. In the case of PFPP powders, the particle size of 0.43 mm showed the highest anthocyanin content at the beginning stage of extraction. The particle with the smallest size (0.15 mm) showed a very low anthocyanin content. The particles of size 0.15 mm showed slightly higher anthocyanin content than the extracts of 0.60 and 1.00 mm. Such a low anthocyanin content observed for the smallest particle size is called a "package phenomenon" (35) . A small particle size can inhibit extraction because small particles have a very small gap between the particles, and the solvent thus has difficulty penetrating the particles. According to Pinelo et al. (35) , the smaller particle size promoted a decrease in surface contact between grape skin solids and liquids, and thus, decreased the extraction efficiency. In addition, an agglomeration of particles could occur even in the early stages of extraction. Because of the agglomeration, the small particle size of rice flour showed lower glucose and alcohol yield compared to that of larger particles (10) . As the extraction time increased, the 0.25 and 0.43 mm particles showed a similar anthocyanin content. Interestingly, the particle size could be adjusted depending on the extraction time in the stagnant stage extract process. For a single-stage process with a short extraction time, a 0.43 mm particle size is very efficient, even more efficient than a particle size of 0.25 mm. The size dependence of the extraction yield implies that the grinding time can be reduced to reduce the processing time and energy consumption. The stagnant extraction system has a benefit compared to the stirred extraction system in that the stagnant system requires less space and energy and has easy reuse of the raw material. However, because there are very limited studies on the effect of particle size on the extraction yield, many industries have difficulty in maximizing the efficiency of the stagnant extraction system. The effect of the particle size of the powder from PFPPs on the yield of anthocyanin during extraction was investigated for different particle sizes (0.15, 0.25, 0.43, 0.60, and 1.00 mm). The highest anthocyanin content was observed for the 0.43 mm particles. The optimum particle size could reduce the extraction time as well as the grinding time, e.g., the smallest size of particles (0.15 mm) showed a very low amount of anthocyanin. The results of our study clearly demonstrated that PFPP could be utilized as a useful resource for producing anthocyanin by applying the drying and grinding processes. Fig. 3 . Anthocyanin content during extraction of PFPPs for different particle sizes.
